Emission from the combustion processes can cause adverse effect to the environment. The formation of pollutants such as NOx, CO, CO2 and SOx are hazardous and harmful to the ecosystem. The awareness about the pollution due to the combustion activities, particularly in industrial field has set off an effort to find more comprehensive and enhanced technologies to reduce these pollutants. There are several methods that can be used to reduce the emissions of these pollutants either by combustion modifications or post combustion treatment. In this research, the method used is the post combustion treatment, i.e. the air staging method. By air staging techniques, some of the combustion air will be directed into the primary combustion zone, while the remaining air is directed into the secondary zone. The function of the secondary air is to reduce the peak flame temperatures, which theoretically reduce the emissions of NOx emissions. The primary concern for this research is to study the effectiveness of the air staging in reducing NOx, CO, SO2, and UHC emissions from the combustion process. The results obtained showed significant reduction in all major pollutants, i.e., a 31.8 percent reduction for CO emission, 16.8 percent for NOx, 12.7 percent for SO2 and 10.3 percent for UHC. These reductions were obtained at different equivalence ratios for different gases.
1.0 INTRODUCTION
The need to protect the environment from combustion generated NOx has led to considerable demand to improve burner design. Previously, attention has been given to gas turbine used in aero engines and for power generation in stationary plant. Intense research has been going on to develop gas turbine with very low NOx emissions. In recent years considerable attention has been paid to reducing NOx from process burners. However, in order to minimize NOx emissions from gas turbine combustor it is necessary to increase the primary zone airflow and to improve air and fuel mixing. Many low-emission gas turbine combustor designs aim to pass as much air as possible through the combustor head and add the remaining air further downstream in a dilution zone with no air needed for film cooling [1] . The primary zone is a burner configuration. Thus, many of the methods used to effectively minimize NOx emissions from gas turbine can be adapted to burner configurations and conditions.
The effects of increased levels of NOx in the atmosphere are wide reaching. In the atmosphere NO is rapidly oxidised to NO2 and in this form plays an essential role in the formation of tropospheric ozone and photochemical smog, and is oxidised to form nitric acid that may then be deposited as acid rain [2] . At ground level, increased concentrations (above 0.06 ppm) of NO2 can cause respiratory problem [3] .
The legislation of NOx emission limits in many parts of the world has substantially complicated the process of burner design. Attempts at lowering NOx emissions by reducing the flame temperature will lead to reduced flame stability or increased CO emissions. The lowest NOx emission obtainable in a given configuration is always limited by unacceptable stability problems or CO emissions. Thus the burner design has become a trial-and-error, multi-parameter optimisation process.
Basically there are two techniques of controlling NOx: those which prevent the formation of nitric oxide (NO) [4, 5] and those which destroy NO from the products of combustion [6] [7] [8] . In the present work the later method is employed, i.e. staged combustion.
Staging means that a part of the fuel or oxidizer or both are added downstream of the main combustion zone. In a fuel staging combustor, the fuel is divided to two or more streams and directed into different locations in the combustion chamber in order to burn the fuel in the primary zone under a lean or a rich condition, which is less conducive to NOx formation compared to a stoichiometric condition [9] . NOx reduction attainable with air or fuel staging usually ranges from 30 to 40% than that resulting from conventional combustors because the most important factor affecting NOx formation is the flame temperature [10−12] . In addition, staging decreases the emissions of CO and unburned hydrocarbon due to the longer residence time and the burning of CO and hydrocarbon in the final lean stage [13] .
Jaafar et al. [14] investigated the effect of the air staging (secondary air) in an industrial oil burner, and it showed NOx and CO emissions reduction of 30% and 16.7%, respectively, compared to the non air staging tests. Webster and Schmitz [15] showed that thermal NOx is dependent on oxygen concentration inside the combustion chamber. They concluded that with a proper staging, an initial fuel-rich zone in the combustion zone can be created, and hence oxygen concentration decreases, which results in lower NOx emission.
2.0 MATERIALS AND METHOD
A cylindrical mild steel combustion chamber with internal dimensions of 0.3 m diameter, 1.0 m length, and 2 mm wall thickness was used for this study as shown in Figure 1 . The combustion chamber was insulated using 80 mm thick hy-cast cement. Secondary air was introduced at 400 mm downstream of the primary air entrance through 10 holes equally spaced circumferentially.
The secondary air flow rate was set at 10% of the total air flow rate. The air and the fuel were admitted to the combustion chamber through an industrial oil burner. The air was controlled manually using a butterfly valve and measured using an air flow meter, while the fuel flow rate was fixed for a given nozzle used. Nine thermocouples located on the combustion chamber wall and separated axially by 100 mm were used to measure the axial wall temperature profile. A Baltur BT14GW 140 kW was used to measure exhaust gas emissions. Carbon monoxide (CO), nitrogen oxides (NOx), sulfur dioxide (SO2), and unburned hydrocarbons (UHC) were measured during the experiment. Diesel was used as fuel for all the experiments. 
Wall Temperatures Profiles
The wall temperature of the combustion process plays an important role in determining the amount of gases emitted from the combustion process such as carbon monoxide (CO), and nitrogen oxide (NOx). High temperatures are required to reduce the formation of CO but it will increase the formation of nitrogen oxides, NOx.
From Figure 2 , it can be seen that the highest temperature occurs at a distance of 400 mm from the entrance to the combustion chamber. The graph also shows that the wall temperature of the combustion chamber drops at distance downstream from the 400mm point from the entrance of the combustion chamber. This is because at the entrance there is a corner recirculation zones where the temperature is much lower. It is expected that the maximum diameter of flame is at the 400 mm mark. This is why the temperature is highest at this point. Further downstream, the temperature begins to fall due to the shape of the flame. However, it is observed that by applying the staged air combustion, the peak temperature falls, lower than that without the air staging. The whole profile shows a much lower profile than for the non-staged combustion condition. This is expected since the additional air downstream of the flame reduces the peak temperature. The decrease in the peak flame actually reduces the generation of thermal NOx which the product of high flame temperature in the combustion gases. This phenomenon is clearly depicted in Figure 3 for NOx emission.
The Effect of Air-Staging on the Gaseous Emissions
Generally, the emissions of NOx from the combustion process will increase as the excess air and the temperature increase due to the high oxygen supplied and temperature during the combustion process. The experiment includes introducing secondary air of 15 litre per minute into the combustion chamber at distance of 400 mm from its entrance. This experiment is carried out at several equivalent ratios, Ф. Figure 3 shows the emission of NOx at all equivalence ratios for conditions with air staging and without air staging. From the graph, it can be observed that the emission of NOx is highest at stochiometric condition for both with and without air staging method. This is the common trend obtained for any combustion processes. The emission of NOx reduced as the equivalence ratio, Ф, reaches fuel-rich and fuel-lean conditions. By introducing secondary air into the combustion process at the point where the temperature is at peak which is at distance 400 mm, the NOx emission was reduced. It can be seen that the concentration of gaseous NOx was reduced by at least nine percent and the highest is 16.8 percent, reducing the emission from 95 ppm to 79 ppm. At the peak, i.e. stoichiometric condition, NOx emission was reduced from 126 ppm to 114 ppm. This is due to the reduction of the temperature inside the combustion chamber after the secondary air was introduced. When the flame temperature decreased, this will also decreased the NOx emission. Figure 4 shows the emission of CO for both with and without air staging method. The pattern of the graph shows that the emission of CO increases as the equivalence ratio, Ф, reaches fuel-rich and fuel-lean conditions, with their minimum at the stoichiometric condition. This is inline with the general trend obtained from any combustion processes where at rich condition, there is not enough air to reduce CO to CO2 whereas at lean condition, equilibrium CO was formed. When secondary air was introduced into the combustion process, it can be seen that the emission of CO is slightly reduced. The maximum reduction was obtained at equivalence ratio of 0.84 where CO emission was reduced by around 32 percent, the highest as compared to all other emissions. This is due to the excess of unburned fuel gone through oxidation by the secondary air injected. At other equivalence ratios, the reductions were moderate except for equivalence ratio of 0.72.
Figure 4
CO emission at all equivalence ratios, Ф Figure 5 shows the emission of SO2 at all equivalence ratios. The pattern of the graph shows that the emission of SO2 decreases as the equivalence ratio, Ф, reaches fuel-rich and fuel-lean conditions for both with and without air staging method, with its peak at the stoichiometric condition. Figure 5 also shows that the air staging method does not favor in reducing the emissions of SO2 because of the excess oxygen in secondary air acts to react with sulphur to produce SO2. The emission of SO2 actually increased at several points except at stoichiometric where the reduction is around seven percent. Elsewhere, SO2 either was reduced marginally or it was actually increased. Generally, it can be observed that the trend for SO2 profile is similar to that of the NOx profile. Figure 6 shows the formation of UHC emission at different values of equivalence ratio, Ф. It shows that the emission of UHC decreases as the value of equivalence ratio, Ф reaches fuel-rich and fuel-lean conditions and it also has similar pattern if compared to CO emission graph. As the secondary air is introduced, the UHC emission was slightly decreased. However, the reduction is also quite small as obtained for SO2 where the largerst reduction for UHC emission with air staging is around 10 percent at stoichiometric condition. Elsewhere, the reduction is quite small if not increased. This results are inline with work done by Mohd Jaafar et al. [16] . They showed the same trends for UHC and SO2 emissions for diesel fuel tests. 
4.0 CONCLUSSION
For the air staging method, the secondary air was introduced into the combustion chamber at 10 percent from the total air flow rate of 150 litre per minute (around 15 litre per minute) at the distance of 400 mm from the entrance to the combustion chamber. From the results obtained, it can generally be concluded that by using air staging method; the flame temperature inside the combustion chamber was reduced, hence reducing the concentration of most gaseous emissions. Significant reductions were obtained for two major gases: 31.8 percent reduction for CO emission and 16.8 percent for NOx. However the air staging method was not so effective in reducing UHC and SO2 emissions, with only slight reductions at several equivalence ratios. 
